We consider the possibility of enhanced cooling of hydrogen atoms by a buffer gas of alkali-metal atoms Na, K, Rb, and Cs. Ultracold elastic collision cross sections for the Na-H and Rb-H purely spin-polarized pairs are found to be 640 and 860 times larger than that for the H-H pair, respectively. From an analysis of the techniques of production of ultracold sodium and rubidium samples, it seems feasible that the critical conditions for Bose-Einstein condensation of hydrogen could be achieved already at the stage of optical cooling of the sodium or rubidium buffer gas. DOI: 10.1103/PhysRevA.64.011404 PACS number͑s͒: 32.80.Pj, 31.15.Ar, 32.80.Cy, 34.20.Ϫb Bose-Einstein condensation ͑BEC͒ of a dilute gas of hydrogen ͓1͔ is a delicate experimental task because of the smallness of elastic cross sections, which impedes evaporative cooling. Côté et al. ͓2͔ have investigated the possibility of an enhanced cooling of atomic hydrogen by mixing with ultracold lithium gas. They found that at ultracold temperatures the 7 Li-H elastic cross section of purely spin-polarized pairs is 1400 times larger than for H-H collisions and therefore lithium could be efficient in accelerating the cooling of hydrogen. In the present work, we extend the treatment of Ref. ͓2͔ of the cooling of hydrogen in a buffer gas of lithium atoms to heavier Na, K, Rb, and Cs atoms. There is a particular interest in 23 Na and
Bose-Einstein condensation ͑BEC͒ of a dilute gas of hydrogen ͓1͔ is a delicate experimental task because of the smallness of elastic cross sections, which impedes evaporative cooling. Côté et al. ͓2͔ have investigated the possibility of an enhanced cooling of atomic hydrogen by mixing with ultracold lithium gas. They found that at ultracold temperatures the 7 Li-H elastic cross section of purely spin-polarized pairs is 1400 times larger than for H-H collisions and therefore lithium could be efficient in accelerating the cooling of hydrogen. In the present work, we extend the treatment of Ref. ͓2͔ of the cooling of hydrogen in a buffer gas of lithium atoms to heavier Na, K, Rb, and Cs atoms. There is a particular interest in 23 Na and 87 Rb stemming from the availability of established methods to efficiently create ultracold samples and Bose-Einstein condensates ͓3,4͔. By a direct calculation, we will demonstrate that the ultracold Na-H and Rb-H elastic cross section are a factor of 640 and 860 larger than that for a pair of hydrogen atoms, respectively. We find that with available techniques for creating ultracold sodium ͑rubidium͒ samples, the critical BEC conditions for hydrogen could be achieved through laser cooling of the alkalimetal component, without resorting to techniques of cryogenic and evaporative cooling.
In Ref.
͓5͔ we presented quantum-mechanical calculations of the potential-energy curves for the singlet and triplet states of LiH, NaH, KH, RbH, and CsH formed by the approach of ground-state alkali-metal atoms and hydrogen atoms. We determined precise values for the coefficients of the van der Waals interaction and estimated the contribution of the exchange interaction at large distances. Together with empirical data, these were used to assess and improve the accuracy of the ab initio potentials.
In a magnetic trap, atoms are confined in a ''low-field seeking'' spin-polarized state, and most ground-state collisions occur in the triplet molecular potential a 3 ⌺ ϩ . In Fig. 1 Table I . Magnetic trap losses occur if during a collision the atom changes the projection of its spin onto the confining magnetic field. These spin-flip collisions are characterized by both singlet X 1 ⌺ ϩ and triplet a 3 ⌺ ϩ potentials. The singlet potentials are presented in Fig. 2 . The X 1 ⌺ ϩ potential wells are substantially deeper than the a 3 ⌺ ϩ triplet potentials. These wells are formed by an interplay between repulsive short-range forces and attractive exchange and van der Waals interactions. Since the atomic core is bigger for heavier alkali-metal atoms, the minima of the potentials are located at increasingly larger internuclear distances from sodium hydride to cesium hydride. The singlet potentials, presented in Fig. 2 racy of the order of 1%, based on the agreement of theory and experiment for the singlet potentials ͓5͔.
Using the constructed potentials ͓5͔, we calculated radial continuum wave functions using the Numerov method, and obtained phase shifts ␦ l , from which we determined scattering lengths, cross sections, and rate coefficients. The singlet and triplet scattering lengths a S and a T were calculated by taking the low-energy limit
where ␦ 0 is the s-wave phase shift, and k is the wave vector of relative motion. The values of a S and a T are listed in Table II . We tested the sensitivity of the scattering lengths by performing calculations with uniformly scaled potentials
The scattering lengths corresponding to ϭϮ1% are presented in Table II . The triplet scattering lengths are insensitive to such modifications, because the shallow a 3 ⌺ ϩ potentials each support a single bound state. Due to the large density of bound vibrational states in the X 1 ⌺ ϩ potential, the singlet scattering length a S is very sensitive to uncertainties in the potential. Indeed, deepening the reference potential by 1% for KH allows a new bound state to appear, causing a S to pass through infinitely large values.
We may estimate the scattering length from effective range theory as
where E b is the binding energy of the last bound state. The resulting scattering lengths are presented in Table I ; they are in fair agreement with the results of the direct calculations listed in Table II . The total elastic cross section is expressed through the phase shifts as
͑4͒
while the transport ͑momentum-transfer͒ cross section is calculated from
The results are shown in Fig. 3 . For ultracold temperatures, where s-wave scattering dominates, the total and the transport cross section are equal and are given by 4a 2 . The lϭ1 partial waves start contributing at the 1% level when energies of 8ϫ10 Ϫ8 hartree are reached for NaH. Assuming equal temperatures of the hydrogen and alkalimetal gases, we determine rate coefficients for elastic scattering as
where ␤ϵ1/(k B T), Eϭប 2 k 2 /(2), and is the reduced mass of the system. The results of the calculation are presented in Fig. 4 . For temperatures below 1 mK, the rate coefficients are accurately approximated by k r ϭ4a 2 ͱ8/␤, where a is the relevant scattering length.
In experiments on Bose-Einstein condensation ͓1͔, a cloud of hydrogen atoms is placed in a magnetic field, which traps spin-polarized low-field seeking atoms. The corresponding triplet scattering length ͓7͔ is a T HϪH ϭ1.212a 0 (a 0 : bohr radius͒. Our calculations demonstrate that the triplet 
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elastic cross sections for the sodium-hydrogen pair ( ϭ4a 2 ) are 640 times larger than that for the hydrogenhydrogen pair (ϭ8a 2 ). For the rubidium-hydrogen pair, this factor is 860. The efficiency of the kinetic-energy transfer to the hydrogen atom is proportional to the ratio of the mass of the hydrogen atom to the mass of the alkali-metal atom A. Accordingly we define as a measure of the thermalization efficiency of a single collision of a hydrogen atom with a buffer-gas atom the ratio
The calculated values are listed in Table III . We include 7 Li for which the triplet scattering length ͓2͔ is a T ϭ65(5)a 0 . Due to its smaller mass, 7 Li may be the best candidate for a buffer-gas cooling technique with an efficiency factor f ϭ205. Sodium has f ϭ28; K, Rb, and Cs are less efficient with f Ϸ10.
Spin-flip collisions lead to trap losses. In the limit of small energies of relative motion, the corresponding cross section is estimated by SF ϭ(a T Ϫa S ) 2 ͓8͔. Using scattering lengths calculated with the reference potentials, we find for NaH SF Ϸ8800 a.u. Unfortunately, due to the large uncertainties in the singlet scattering lengths, no definite conclusions can be drawn about spin-flip losses, except that they are probably large if collisions are not in a pure triplet state. In the hydrogen BEC experiment ͓1͔, the Ioffe-Pritchard magnetic trap is loaded with hydrogen atoms at T Ϸ250 mK. Further cooling is achieved by contact of the atoms with a cryogenic wall. The large frequency of the Ly-␣ transition prevents the use of optical cooling for hydrogen. As an alternative, an alkali-metal buffer gas could be introduced and laser cooled driving down the temperature of the hydrogen component through collisions with alkali atoms. At this active stage the temperature of the combined system could be potentially lowered to 50-100 K ͑e.g., as in the recent MIT experiment ͓4͔ on sodium BEC͒. The critical temperature of the hydrogen BEC transition is 50 K ͓1͔. Therefore, depending on the densities, the BEC conditions for the hydrogen component could be achieved at the optical stage. In contrast, temperatures no lower than 200 K have been obtained for Li ͓9͔. Although Li ( f ϭ205) is more efficient than Na (Fϭ28) at cooling H, the critical temperature cannot be reached by optical cooling using Li. In the subsequent passive scheme both components could be evaporatively cooled simultaneously. The evaporative cooling of a hydrogen cloud is very slow due to the small H-H elastic cross sections. In the combined system with Na as the buffer gas, the sodium atoms would serve as a source of thermalization for hydrogen. The efficiency of thermalization is determined by both cross sections and the relative densities of two gases. Peak densities of sodium BEC with n p Ϸ1.5ϫ10
14 cm Ϫ3 comparable to densities of hydrogen ͓1͔ were recently reported ͓3͔ ͑similarly, Rb could also be used, although momentum transfer is less efficient͒. However, superfluidity properties of a sodium ͑or rubidium͒ condensate may limit the efficiency of sympathetic cooling of hydrogen at extremely low temperatures ͓10͔.
To summarize, an efficient pathway for achieving BoseEinstein condensation of hydrogen through enhanced cooling by a buffer gas of sodium atoms seems feasible, due to large elastic cross sections for sodium-hydrogen collisions. We emphasize that it may be possible to optically cool the combined system to the critical conditions required for a hydrogen BEC.
